I N most engineering applications the leading edge of a man made wing is straight. Nevertheless, this is not the case for natural flyers or swimmers. For example, owls have leading edge serrations on their wings and humpback whales have tubercles on their pectoral flippers. Owing to these morphological features owls can perform an extremely quiet flight [1] and humpback whales can achieve high agility [2, 3] . Utilizing these features during the pursuit of a prey owls can hunt in stealth, whilst the humpback whales can easily maneuver in the ocean water despite their great size and weight. To achieve better performance engineers and scientists are following the nature's footsteps by mimicking these morphological features.
Modifications to the leading edge geometry, in form of leading edge serrations, have shown to be acoustically beneficial when a wing is placed in a highly turbulent flow. Clair et al. [4] have presented a numerical and experimental investigation into the effect of sinusoidal leading edge serrations for the reduction of interaction broadband noise, generated due to high inflow turbulence level interacting with the leading edge. Reduction in sound power level over a wide frequency range between 3 and 4 dB were both simulated and measured. It was pointed out that the reason for the modest noise reductions, compared to the much larger noise reductions (up to 7 dB) measured by Narayanan et al. [5] , is due to the relatively short serration amplitude investigated. These results highlighted the importance of serration amplitude in the reduction of interaction broadband noise. This point was further demonstrated by Biedermann et al. [6] where a ranking of the influencing parameters clearly indicated that the serration amplitude contributes more than the serration wavelength in the reduction of interaction broadband noise.
While leading edge serrations have shown to be acoustically beneficial, the aerodynamic effects are controversial.
Soderman [7] was one of the first to study the aerodynamic performance of biologically inspired wings. He found that leading edge serrations reduce the lift curve slope and increase maximum lift by 12 percent. Wei et al. [8] found that a counter-rotating vortex pairs were formed over each serration, which essentially changed the flow in the near surface region and mitigated the flow separation at post stall angles of attack. Johari et al. [9] and Hansen et al. [10] observed The problem of predicting the aerodynamic properties of any given arbitrary airfoil geometry with no restriction as to its thickness, camber, and angle of attack was addressed by Munk [11] , Birinbaum [12] , and Glauret [13] . Despite the fact that each airfoil has unique geometry the response to changes in angle of attack can be described by the classic inviscid thin airfoil theory [14] [15] [16] . In its framework, the classic thin airfoil theory predicts a slope of a lift coefficient C L of a thin wing in incompressible steady fluid as a function of an angle of attack α to be equal to dC L /dα = 2π. In practice, it is indeed common to measure the lift slope coefficient near the dC L /dα = 0.1 ± 0.02 deg −1 for the NACA 4 and 5 digits series. For example, NACA 0020 airfoil section exhibits a lift curve slope of 0.0899 deg −1 [17] .
The airfoil geometry is undoubtedly an important parameter affecting the aerodynamic performance. Until recently most of the work on aerodynamic performance of wings with leading edge serrations has focused on understanding flow characteristics of symmetric airfoil sections at high angles of attack, such as NACA 0012 [18] , NACA 0020 [19, 20] , NACA 0021 [10, 10, 21, 22] . Only a handful of studies investigated the effect of leading edge serrations on the aerodynamic performance of asymmetric airfoil sections. One example where this is not the case is provided by Hansen et al. [10] . They concluded that leading edge tubercles are more beneficial for the asymmetric NACA 65-021 airfoil, compared to the NACA 0021 airfoil. For one particular cambered airfoil, NACA 65-(12)10, it has been shown in various studies to work well with leading edge serration on the interaction broadband noise reduction [4-6, 23, 24] . However, to the best of our knowledge there are no studies that document aerodynamic performances especially for the 'cut-in' serration type [24] . This is particularly interesting since at zero angle of attack the cambered NACA 65(12)-10 airfoil section emits leading edge-turbulence interaction noise at a higher level when its acoustic signature is compared to the symmetric NACA 0012 airfoil section.
When discussing sinusoidal leading edge serrations, the wavelength λ and the amplitude a are often used to describe the modified geometry. It has been widely reported that within the linear range, the lift slope dC L /dα at pre-stall angles of attack decreases with the increase of serration amplitude [9, 25] . The add on of serrations to the leading edge clearly has a potential to invalidate the classic thin airfoil theory assumtpions and results. Most importantly, it suggests a fundamental change in the lift-generation mechanism. However, it remains inconclusive of whether a new mechanism will exist because there are different approaches in the literatures when defining the planform area of the airfoil subjected to serrated leading edge. In the present work, the authors seek to discuss the definition of lift coefficient for a finite wing with leading edge serration in terms of the lift slope dC L /dα produced at the pre-stall angles of attack.
II. Experimental Setup
The two dimensional cross-section of the airfoil under investigation here is a highly cambered NACA 65-(12)10 cascade compressor blade [26] . The NACA 65-(12)10 airfoil geometry is designed based on the NACA 65-(216)010 2 Page 2 of 10
Submitted to AIAA Journal. Confidential -Do not distribute. AIAA   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 airfoil section by combining a basic thickness form with cambered mean line. The highly cambered airfoil has 5% camber and 10% thickness (see Figure 1a ) . The NACA 65-series airfoil is a high performance airfoil designed to maintain laminar flow over a large portion of its upper surface [27] . Here 65 refers to the 'series', 12 is the 10 times the design lift coefficient at zero angle of attack and the last two digits refer to the blade relative thickness in percentage of the chord. The NACA 65-(12)10 airfoil section is asymmetric with the angle between the chord line and tangent to the lower surface of 1.4 • [28] . The NACA 65 airfoil series was used on aircraft building during World Word II, perhaps most noticeably on the P-51 'Mustang' fighter aircraft [27] .
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III. Results
In the description of the aerodynamic performance of a wing, the lift coefficient slope is one of the important parameters. The lift coefficient C L is defined as a ratio between the lift force L and the product of dynamic pressure q = 0.5ρU 2 ∞ and the wing planform area S. It is worth noting that when a wing with leading edge serrations is considered there is an ambiguity in the definition of the planform area.
One of the common definitions is based on the baseline planform area. It allows a direct comparison between the conventional rectangular geometry and the modified 'cut-in' serrated leading edge geometry. With this common definition, the same baseline planform area, as the one encountered with the conventional rectangular wing geometry, is considered. With this definition the lift coefficient takes the form
where the baseline planform area S (1) = cb is used. When this trivial definition is considered it can be observed in Figure 2a that the serration amplitude is the leading parameter, while the wavelength has a minor effect. The introduction of leading edge serrations results in reduction in the lift coefficient due to the decrease in lift coefficient slope dC (1) L /dα with increase of serration amplitude. When this trivial definition is considered, the addition of leading edge serration is then perceived as detrimental in terms of generated lift.
The second definition is the most common in the relevant literature, based on the 'wetted' planform area. For a wing with sinusoidal leading edge the 'wetted' planform area S (2) =cb is defined as a product between the mean chordc = c − a/2 and the span, which results in the same definition of lift coefficient,only with S (2) . The effect of scaling of the lift coefficient by the mean chord is shown in Figure 2b AIAA   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 AIAA   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Normalization with the effective chord is underpinned by the hypothesis that the leading edge sawteeth do not contribute significantly in the generation of lift. The newly defined lift coefficient is shown in Figure 2c , almost the entire set of serrated leading edges follows the pre-stall lift curve slope of the baseline configuration, which for the cambered NACA 65(12)-10 airfoil is equal to dC L /dα = 0.099. The lift curves achieve similar gradient and remain parallel in the pre-stall range of angles of attack. The above results is in line with the expectation that flow passing the sawteeth could be so complex and three-dimensional that when the lift generated by the sawteeth is added to the airfoil, it will result in deviation from the thin airfoil theory for the lift curve slope. The lift curve slope for the modified geometries are summarized in Table 1 . The lift curve slope was estimated in the linear region, i.e. at 1 • ≤ α ≤ 7 • . For the large serrations wavelength of λ/c = 0.2, the lift curve slope reduces to dC 1 L /dα = 0.093 for the a/c = 0.05 and to dC 1 L /dα = 0.076 for a/c = 0.2. This trend in aerodynamic behavior is in agreement with previously published results of Johari et al. [9] who measured lift curve slope of dC L /dα = 0.081 with λ/c = 0.5 and a/c = 0.125 with modified NACA 63-021 airfoil geometry.
To examine the boundary layer behavior with the introduction of leading edge serrations at the pre-stall condition, oil flow visualization techniques was applied on the suction side of the airfoil surface (see Figure 3) . The sawteeth at the leading edge represent highly three-dimensional geometry to generate spanwise pressure gradient. As a consequence, cross-flow can be induced around the leading edge region, resulting in the formation of counter-rotating streamwise vortices that will propagate downstream. These vortical structures are clearly evident in the figure, but the extents of which are also dependent on the serration amplitude. For the small serration amplitude a/c = 0.05, the vortices cannot fully suppress the separation region near the trailing edge that is otherwise present for the baseline airfoil. On the other 6 Page 6 of 10 Submitted to AIAA Journal. Confidential -Do not distribute. AIAA   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 hand, large serration amplitude a/c = 0.30 seems to be capable of fully suppressing the trailing edge separation region.
The above results suggest that stronger level of vortices are associated with larger serration amplitude.
IV. Conclusion
One of the most important properties in wing design is how the lift coefficient varies with an angle of attack. The classic inviscid and incompressible thin airfoil theory predicts the lift coefficient slope with respect to angle of attack to be constant and equal to dC L /dα = 2π. The Reynolds numbers and thickness effects are not considered in this theory, and as a consequence it tends to over-predict the value of dC L /dα, unless there is a separation bubble. On the other hand, the viscous effects, which are also neglected by the theory, tend to decrease the value of dC L /dα. In practice, for most airfoil geometries at high Reynolds numbers the value of dC L /dα obtained in wind tunnel experiments is a result of these counter-balancing effects, which brings most common airfoil performance remarkably close to the theory. At large angles of attack where the boundary layer tends to separate from the surface, the thickness of the boundary layer effectively distorts the geometry of the airfoil section. One outcome of this distortion is that the theoretical slope of the lift curve is no longer realized [14] .
Within the scope of the current study we propose a simple correction to the definition of the planform area when leading edge serrations are introduced. Particularly, the manuscript discusses three definitions of the planfrom area and examines these definitions using a cambered NACA 65 (12) AIAA   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 However, when the effective chord is used to define the lift-generating area, there is a collapse in the lift curve slope.
Most importantly, when the lift coefficient is normalized by the effective chord the effect of leading edge serrations is similar to the one observed with the baseline (straight) leading edge geometry.
The current work provides new insight into the aerodynamic mechanisms of airfoil behavior when subjected to serrated leading edges. We argue that for a serrated leading edge, spanwise pressure gradients are generated which in turn induce cross-flow around the leading edge region. As indicated by Serson et al. [18] the presence of the spawise pressure gradient for a serrated leading edge will distort and deflect the flow field significantly. Since the acceleration of the flow is responsible for generation of the suction peak near the airfoil's leading edge, the spanwise pressure gradient would hinder the ability to generate such suction peak. The aerodynamic effect of lower suction peak is similar to the one observed with lower angle of attack. Thus, when the lift coefficient is defined as a function of effective chord a collapse in the lift curve slope can be achieved. The purpose of the potential flow approach in the thin airfoil theory is to aid the analysis of the experimentally measured data by identifying the most significant lift generating mechanisms.
Comparison with the ideal thin airfoil lift curve slope shows that the measured data approach this ideal lift coefficient slope.
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